We present an acoustic non-contact technique for achieving trapping, enrichment, and manipulation of Caenorhabditis elegans using an array of oscillating microbubbles. We characterize the trapping efficiency and enrichment ratio under various flow conditions, and demonstrate a single-worm manipulation mechanism through temporal actuation of bubbles. The reason for oscillating bubbles being versatile in processing worms in a microfluidic environment is due to the complex interactions among acoustic field, microbubbles, fluid flow, and live animals. We explain the operating mechanisms used in our device by the interplay among secondary acoustic radiation force, drag force, and the propulsive force of C. elegans. V C 2013 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4788677] Efficient manipulation of micro-objects, including trapping, transporting, separating, and concentrating, is the most sought-after task in lab on a chip devices. Caenorhabditis elegans is one of the most ubiquitous lab animals used in biomedical research. 1 A growing interest in C. elegans should not come as a surprise since this animal has a simple and a fully mapped neuronal system, which has enabled researchers to study various diseases. However, in experimental research, this worm often needs to be selected, sorted, or immobilized. The existing technologies for processing C. elegans include the mechanical tweezers, 2 optical, 3 and electrical sorting methods, 4 dielectrophoretic control, 5 and pneumatic control. 6 In this study, we report the use of an array of acoustically actuated microbubbles to perform onchip worm processing, which includes trapping, enrichment, size based sorting of C. elegans, and the motion manipulation of a single C. elegans.
Sonicated microbubbles are a nascent but a versatile tool for the lab on a chip devices: 7 in the past, oscillating bubbles have been utilized for flow control as pumps 8 and micromixers; 9-12 for particle handling as tweezers, [13] [14] [15] [16] fixated transporters, [17] [18] [19] filters, 20 switches, 19, 21, 22 micro-rotors, 23 propeller; 24 and for expediting mass transfer across lipid bilayer membranes as remote surgeons for cell lysis 25 and as microcarriers or capsules to aid the delivery of drugs and genes. The advantage of acoustic actuation of bubbles in microfluidics is that it is a non-contact based approach. Moreover, compared to other non-contact approaches, acoustic actuation does not establish any electric or magnetic field in the fluid. 26 These fields can often be detrimental to C. elegans. 5 Upon an acoustic actuation, a bubble, whether spherical 27 or not, 28, 29 will start to oscillate. It is also well-known that forces are experienced by the objects present in the vicinity of these oscillating bubbles, irrespective whether the objects are soft or rigid. This force, termed as the secondary radiation force 30 (SRF) or the Bjerknes force, tends to impart momentum to the small particles around the oscillating bubbles. A response to the SRF exists because of a time-average force acting on the micro-objects owing to mechanical perturbations that get scattered at the liquid-gas interface. For interaction between a small particle and bubble, the SRF per unit volume of the particle is described as following:
31,32
where F SRF is the SRF, q is the density, x is the angular frequency, n is the amplitude of the bubble vibrations, R is the bubble radius, d is the distance of separation between the center of the bubble and the mass center of the particle, V represents the volume; and subscripts p and l denote the particle and liquid respectively. Note that this equation can only be used for particles that are much smaller than the acoustic wavelength in the medium. In this study, we explore the interaction between an oscillating bubble and live animals-C. elegans. Because the maximum worm length, 1 mm, is much smaller than the typical acoustic wavelength used in our study, which is 30 mm, the total SRF on a worm can be estimated by integrating Eq. (1) over the entire worm body assuming a cylindrical shape (length L and radius b) for the worm,
We show that the SRF from oscillating bubbles together with the drag force exerted by the flow and the propulsive force of the worms can be a resourceful mechanism for on-chip worm processing, including worm enrichment, worm selection, and single worm manipulation. The following sections first present details of experimental preparation and setup, and then discuss experimental results and theoretical analysis.
In order to prepare C. elegans for the experiments, a small chunk of nematode growth media (NGM) gel (Lab Express, E. coli were seeded in the gel as a food source for C. elegans) with live C. elegans (N2 type, requested from Caenorhabditis Genetics Center, University of Minnesota) on the gel surface was first picked up and then immersed into 1 or 2 ml of water, depending upon the concentration of worms needed for the particular experiment. The worms would then crawl out of the NGM chunk and swim into the water. After about half an hour the de-ionized (DI) water containing living C. elegans was collected. Typical worm concentration used in this study ranges from 120 to 1750 per ml. In our experiments, we use a Minitech micromilling machine (Mini-Mill/GX, Minitech) for creating small cavities to trap air-bubbles within the channel: initially, a channel of dimensions (3.1 mm Â 4.2 mm Â 0.5 mm) is drilled into the plain face of an aluminum block (27 mm Â 27 mm Â 50 mm). An array of micrometer-sized holes (3 rows and 6 columns) of diameter 283 lm and depth 200 lm is created on the base of the small channel. Micromilling is adopted since it is much faster and convenient than the standard soft-lithography and does not require the preparation of a mask each time. After the channel is sealed from the top, microbubbles can be generated by flowing liquid through the air-occupied channel. Air bubbles are then passively trapped inside the micro-cavities. The bubble size is comparable to the cavity size. For the range of flow rates used in our experiments, the bubbles were highly immobile due to the edge-pinning effect, i.e., the gas/liquid interface is pinned at the edge of the cavities. Our experimental apparatus is sketched in Figure 1(a) . A disk-shaped piezoelectric actuator (HF-28/2MC, Huifeng Piezoelectric Co. Ltd.) is glued to one side of the aluminum block using epoxy. The solution containing C. elegans is pushed through the inlet into the channel using a precision syringe pump (KDS 210, KD Scientific) with adjustable flow rates. A T-valve is employed at the mouth of the syringe to either supply the channel with water laden with C. elegans, or provide DI water for creating microbubbles and not the least, to flush worms out of the channel after each experiment. A function generator (DG1022, Rigol) and an amplifier (7602M, Krohn-Hite) are used to apply sinusoidal voltage wave signals to the piezoelectric transducer at different frequencies and amplitudes to actuate the microbubble array. Note that, the voltage is applied across the piezoelectric transducer only. Therefore, the flow inside the microchannel is not affected by any electric field. For our experiments, the top view of the channel is monitored and captured using a high-speed camera (PixeLINK, PLB771U). The selected aluminum block is much larger than the channel dimensions to ensure that the temperature during the worm manipulation experiments does not increase due to the resistive heating effect of the piezoelectric transducer upon actuation. With power supply turned on, the oscillating microbubble array was observed to instantly trap the C. elegans in its vicinity. Once the power supply was turned off, all the worms were washed away quickly with the incoming flow (responsible for the viscous drag force), implying that the observable trapping phenomenon was due to the oscillations of the microbubble array alone, and not because of its presence. Moreover, the worms were unable to penetrate the gas/ liquid interface, which explains why the surface tension of the bubbles does not have any noticeable effect on the worms. Using this simple trapping principle, experiments were performed to realize the enrichment, size-based sorting of C. elegans and the motion manipulation of a single C. elegans.
For the first series of experiments wherein our objective was to realize worm enrichment, the flow rate was varied to quantify the worm trapping efficiency of the microbubble array. The flow rate was varied from 0.04 to 0.14 ml/min and the number of incoming worms trapped by the bubble columns in the array was counted. Figure 1(b) shows an initial zero worm count at the bubble columns before voltage is applied to the microbubble array. Figure 1(c) shows that incoming worms are trapped at the oscillating microbubble array during a period of 30 s during which a sinusoidal voltage is supplied to the piezoelectric transducer. The trapping efficiency, g, of the device has been quantified in terms of the number of incoming worms trapped, a, and number of incoming worms escaped, c (both during actuation) and is defined as following:
A plot ( Figure 2 , top left) shows a general decreasing trend of the trapping efficiency of our device with an increasing flow rate. This trend can be attributed to the higher viscous drag force-associated with a higher flow rate-which tends to overcome the SRF (as well as the worm propulsive force) and washes away some of the worms. We also performed a simple analysis to gauge the worm enrichment with the varying flow rate. The worm enrichment is defined as the ratio of two concentrations and can be determined by
where is the concentration of the worms at the microbubble array (trapping zone) after a period of 30 s, d is the worm concentration in the flow before the microbubble array, Q is the volume flow rate, t is the period of actuation, and V is volume of the trapping zone (microbubble array) of the channel. The plot of the worm enrichment ratio versus flow rate suggests that a higher enrichment ratio is obtained at a higher flow rate (Figure 2 top right) . Although the worm trapping efficiency is lowered at relatively higher flow rates (consequence of an increased drag force), the enrichment ratio increases since the number of worms passing the bubble array per unit time increases. Higher worm enrichment ratio ($8) is obtained at a flow rate of 0.14 ml/min. We have noticed a point of saturation for the bubble columns, i.e., our bubble columns could only hold a certain number of worms, after which the worms start passing by the bubble columns without being attracted. Figure 2 (bottom) delineates a temporal monitoring of the number of trapped worms at the first bubble column of the bubble array for a flow rate of 0.14 ml/min. As can be seen from the graph, the saturation point (18 worms) for the first column is attained at t ¼ 21 s. Likewise, saturation was observed for all the other bubble columns.
From the first set of experiments, we realized the trapping of C. elegans irrespective of their length scale. For the second set of experiments, we show that further operation of the device can lead to size-based filtering of the trapped worms. For this purpose, we utilized a simple mechanism: we first trap all the worms irrespective of their lengths (Figure 3(a) ) and then gradually lower the voltage applied to the piezoelectric actuator. The bigger worm is observed to escape first (Figure 3(b) ). Upon further reduction of voltage, the smaller worm is noticed to escape too (Figure 3(c) ). The different sized C. elegans ranging from L1, L2, L3, L4 to the adults can be conveniently trapped and separated using this simple and promising method. Note that, excessively long exposure to an intense acoustic radiation field may have detrimental effects on the C. elegans. 34 However, the approach is effective for shorter duration. The mode of worm trapping being utilized in our study can be explained by taking into consideration the propulsive force of the worms and the SRF acting on them. For a worm to get trapped, the SRF acting on it should exceed its propulsive efforts. The propulsive force of a C. elegans can be obtained by calculating the tangential drag force when the worm is propelling through a static medium, 35, 36 
where f is the worm swimming frequency, which is roughly a constant 2 Hz for all sizes of worms. C t and C n are tangential and normal drag coefficients, which can be estimated by 33 C t ¼ 2p=lnð2q=bÞ and C n ¼ 2p=½lnð2q=bÞ þ ½; (6) where q equals 0.09 times the wavelength k of the worm, and b is the cross-sectional radius of the worm. Figure 4 plots the values of the SRF and the worm propulsive force as a function of the worm length. The SRF is calculated from Eq. (2), where n, the amplitude of the bubble vibrations, is used as a fitting parameter. In Figure 4 , the three curves of SRF were calculated based on n ¼ 8, 5, 2 lm, and these values are compatible with previous studies. 26, 27 From Figure 4 , we can see that by lowering the bubble oscillation amplitude (via lowering the excitation voltage applied to the piezoelectric actuator), the propulsive forces of big worms will exceed SRF first, which explains our observation in Figures 3(a)-3(c) . We also report our results of size-based worm selection from multiple experiments as shown in Figure 3(d) . Once a desired size of worms is selectively released from the trapping zone, a gentle flow can be used to push them into the collection ducts. Nevertheless, our size-sorting technique can be further enhanced by working upon methods for accurately determining the escaping voltages and by seeking methods for attaining a better control over bubble sizes.
In the third set of experiments, we realized the manipulation of a single C. elegans using the oscillating microbubble array. Figure 5 shows a single worm being forced to traverse in a square loop in the microbubble array. The piezoelectric transducer was turned on when the C. elegans was in close proximity of one bubble in the array. Upon actuation, the worm was instantly drawn toward the oscillating bubble. Despite the worm's effort to break free, the SRF was strong enough to bind the worm to the bubble. The worm could, however, still rotate around the bubble. Once the worm was in-line with the second bubble, the power was turned off allowing the worm to break free and head in a tangential direction toward the next bubble. Likewise, when that C. elegans approached close enough to the second bubble the power was again turned on, hence trapping the worm once more. The process was repeated until the worm followed a closed loop. Using an array of oscillating microbubbles, we have observed that a worm could be made to follow a simple or a complex motion pathway. This technique can be potentially extended to lab on a chip applications for manipulation of other microorganisms, cells, and various micro-objects. It should be noted that this technique seems not to be a very effective approach at the moment. Further improvements could be done by designing a mechanism to selectively actuate the bubbles. For example, bubbles with different resonant frequencies could be used to achieve frequency-based selectivity. 19 In summary, we demonstrated that an array of acoustically actuated microbubbles is a viable technique to realize several important processes on C. elegans in lab on a chip applications, including trapping, enrichment, size-selection, and pathway manipulation. We have quantified the trapping efficiency of our device along with its application for worm enrichment. We have utilized the oscillating microbubble array to achieve size-based selection or filtering of worms. Worms of all sizes (L1, L2, L3, L4 as well as the adult worms) were trapped initially at a high voltage. With a subsequent reduction of voltage, we noticed the big worms to break-free first from the bubble trap, followed by the smaller sized worms. At last, we also utilized our oscillating microbubble array to realize on-chip manipulation of a single C. elegans. We believe that our oscillating microbubble array is a simple and cost effective method, which can be further worked upon to carry out processing of worms and living organisms of significance in the lab on chip devices. FIG. 5 . A single C. elegans was manipulated to travel along a square loop by turning the acoustic field on and off with proper timing control.
